Despite the importance of tropical biodiversity 1 , informative species distributional data are seldom available for biogeographical study or setting conservation priorities 2, 3 . Modelling ecological niche distributions of species offers a potential soluion [4] [5] [6] [7] ; however, the utility of old locality data from museums, and of more recent remotely sensed satellite data, remains poorly explored, especially for rapidly changing tropical landscapes. Using 29 modern data sets of environmental land coverage and 621 chameleon occurrence localities from Madagascar (historical and recent), here we demonstrate a significant ability of our niche models in predicting species distribution. At 11 recently inventoried sites, highest predictive success (85.1%) was obtained for models based only on modern occurrence data (74.7% and 82.8% predictive success, respectively, for pre-1978 and all data combined). Notably, these models also identified three intersecting areas of over-prediction that recently yielded seven chameleon species new to science. We conclude that ecological niche modelling using recent locality records and readily available environmental coverage data provides informative biogeographical data for poorly known tropical landscapes, and offers innovative potential for the discovery of unknown distributional areas and unknown species.
The biota of Madagascar represents a global priority for conservation owing to the island's exceptional endemic diversity and ongoing loss of natural habitats 1 . However, although substantial expansion of the national protected area network is anticipated 8 , current rates of deforestation are rapidly reducing the country's future conservation options [9] [10] [11] ; in some regions, urgent management decisions will have to be made before detailed biological survey data become available. As a result, the ability to predict biodiversity distribution in poorly known regions of the island offers enormous potential for conservation planning. Using an evolutionary computing approach, we present predictive distribution results for 11 chameleon species, in the first application of satellite imagery to ecological distributional modelling for Madagascar.
For an initial test, with 29 environmental GIS (Geographic Information System) base layers of land cover, climate, topography and hydrology, we used random partitions of our recent post-1988 occurrence localities for building and testing ecological niche models for 11 chameleon species. Using 50% of the post-1988 occurrences to predict the remainder of the post-1988 data, this test yielded impressive results: predictions were significantly better than random for all 11 species under the 'all models predict' criteria and for 9 of the 11 species under the 'any model predicts' criteria, with an overall correct prediction success of 62.8% and 83.0% respectively (Table 1) .
A second set of tests included pre-1978 localities 12, 13 for testing models. Models based on the same random 50% of the post-1988 occurrences as described above (for predicting post-1988) were used to predict pre-1978 occurrences. These tests produced significant results for fewer species: 4 and 5 of the 9 species, and overall prediction success was reduced to 33.1% and 63.8% (all models predict and any model predicts criteria, respectively), the reduced prediction ability probably reflecting changes in land use across Madagascar, where recent landscape data (used for modelling) less accurately reflect landscape conditions at the historical time of collecting. To investigate the influence of data density, we repeated this test with models based on 100% of the post-1988 data, and overall results were quite similar or slightly improved (models significant for 3 and 6 of the 9 species, 39.2% and 78.5% overall prediction success under the all models predict and any model predicts assumptions, *respectively). The final temporal partition examined the utility of pre-1978 occurrence data to predict post-1988 distributions, in spite of overall low sample sizes for model building. Predictions resulted in significantly better than random for 6 and 8 of the 9 species, although overall correct prediction success was lower than the other tests (28.0% and 57.1% under the all models predict and any model predicts criteria, respectively).
A third set of tests used data from pre-1978, post-1988 and both temporal partitions combined, for building ecological niche models that were then tested with a completely independent test data set, letters to nature letters to nature compiled from 11 other recent site inventories (42 chameleon occurrence localities; see Methods). Here, our evaluation of predictive performance was based on correct predictions of both presence and absence related to total predictions ( On the basis of these validation exercises, we conclude that ecological niche modelling of diverse natural history museum data can provide an excellent predictive understanding of reptile species' distributions, even in a region as poorly known as Madagascar. Model predictivity was better when using modern data to predict other modern data, than when using or predicting pre-1978 (historical) data. However, between temporal partitions, predictions significantly better than random were recorded for all species except Furcifer lateralis, a widely distributed species for which statistical power was low. Most tellingly, modern and historical museum occurrence information had significant predictive power in indicating where species would and would not be found during subsequent, intensive field studies. Thus, although modern data provide the best predictivity for modelling current species distribution, when modern locality data are rare or exhibit poor spatial coverage, historical data can also provide an excellent guide for understanding the distribution of biodiversity.
Model predictions, when viewed in geographical space (Fig. 1) , corresponded closely with our general understanding of chameleon distributions, except that (1) primary humid forest specialists (Calumma, Brookesia) should be confined to surviving forest fragments within distributional areas, and (2) models for Furcifer pardalis, F. verrucosus, F. oustaleti and Brookesia stumpffi show three overlapping predicted areas outside known distributional areas. Because humid forest fragments can be identified using aerial photography or satellite imagery [9] [10] [11] (in addition to verification on the ground), the first exception has little impact on conservation planning; instead, for deforested areas, these models provide a novel perspective concerning the reduction in forest-specialist species' distributions as a consequence of human colonization and environmental degradation. This is particularly the case for the now almost completely deforested Central High Plateau. For example, all four Calumma species show a marked and previously unknown distribution limit between the northern and southern parts of the plateau (approximately 198 S), which challenges the generally accepted assumption of a single central ecoregion biota 8 . Our previous work has documented the conservative nature of ecological niche evolution, which provides predictivity of distributions for closely related species 14, 15 . For closely related allopatric species pairs, niche conservatism is manifested as areas of overprediction in each species model. Of the three intersecting areas of over-prediction mentioned above (Fig. 1) , the southeastern area (between Mahanoro, Vangaindrano and Beraketa) remains largely unexplored, but we have recently surveyed the two other areas. Although neither area was previously considered rich in locally endemic Furcifer or Brookesia chameleons 12, 13 , the western area (northern Bongolava Mountains, between Soalala, Maintirano and Tsiroanomandidy) yielded an undescribed Furcifer and an undescribed Brookesia species. The other area, in extreme northeastern Madagascar (transitional humid/dry forests between Daraina, Vohemar and Sambava), yielded five undescribed Brookesia and a possible new Furcifer species. These discoveries, of at least seven new species, sharply contrast with our results elsewhere in Madagascar: more intensive surveys at sites outside these areas of over-prediction over the same time period have produced only two other undescribed Furcifer and Brookesia chameleons. Hence, ecological niche modelling not only provides powerful predictions of species' distributions, but also offers an innovative and predictive approach to discovering heretofore unknown populations of known or unknown species.
These findings have valuable applications for identification of areas of endemism 3 , and consequently will also aid the development of inclusive strategies for conserving regional endemism 16 . In Madagascar, such a model-based evaluation of species' distributions in the context of existing reserves and protected corridors, coupled with surveys targeted on areas of predicted potentially unrecognized endemism or distribution, will provide data critical for effective future expansion of the protected area network 8 . Our results also highlight the continued importance of obtaining modern locality data, because of their optimal predictive performance when used with remotely sensed data. Notably, because equivalent landscape coverage data and specimen locality data are available for most other regions worldwide, this approach offers the potential for providing informative distribution data, and directing surveys to unknown populations or species, for many other poorly known and threatened environments. A
Methods

Species occurrence data
Three suites of species occurrence information were used in our analyses: pre-1978 occurrences drawn from natural history museum specimens 12, 13 (130 unique locality £ species combinations; F. verrucosus and F. oustaleti excluded due to potential taxonomic confusion), post-1988 data obtained from 1989-2002 surveys by C.J.R and R.A.N (449 unique locality £ species combinations), and independent test occurrence data obtained from other recent herpetological inventories [17] [18] [19] [20] [21] [22] [23] [24] (42 unique locality £ species combinations). Post-1988 data are vouched for by specimens deposited at the American Museum of Natural History and the University of Michigan Museum of Zoology. Pre-1978 locality descriptions were converted to geographical coordinates using 1:100,000 topographic maps and gazetteers.
All Madagascar chameleon species or species/subspecies complexes 25 for which $20 occurrence localities were available from post-1988 were included: Calumma gastrotaenia (includes subspecies as recognized by refs 11 and 12), C. nasuta (C. fallax), C. parsonii (C. oshaughnessyi, C. globifer) and Brookesia superciliaris (B. therezieni), where potential synonyms are indicated in parentheses. Test data in the form of additional herpetological inventories met the following criteria: rainy season surveys (November to April) made by experienced herpetologists, designed to sample complete chameleon diversity, at sites $7 km from occurrence localities used in modelling. Meeting these criteria were 11 sites that included diverse primary habitats (humid to dry forests), elevation of 0-1,700 m and latitude of 14- 
Ecological and environmental coverage data
Initially, 29 GIS coverages were considered for inclusion in models. A land cover layer was derived from 17 MODIS 1-km resolution, 16-d composite, BRDF/albedo-adjusted reflectance images (MOD43B4) from November 2000 to November 2001. Unsupervised classification methods created a layer with 50 classes, subsequently grouped and edited manually into 13 land cover classes using higher resolution imagery for reference. To summarize precipitation, we used 5 0 resolution data (1996-2001) from the NOAA Climate Prediction Center Famine Early Warning System (FEWS) (http:// edcw2ks21.cr.usgs.gov/adds/): annual minimum, maximum and mean precipitation estimates were taken from 10-d cumulative estimates provided by FEWS. Data on cloud cover, mean temperature in January, July and annually, and precipitation in January, July and annually were obtained from ESRI 26 ; maximum, minimum, mean temperatures and mean diurnal temperature range for dry season, wet season and annually for (0.58 resolution) were obtained from ref. 27 (http://ipcc-ddc.cru.uea.ac.uk/). Finally, topographical data (elevation, slope, aspect, flow accumulation, flow direction and tendency to pool water; 1 km resolution) were obtained from the US Geological Survey (http://edcdaac.usgs.gov/gtopo30/hydro/). All data and coverages were re-sampled to 0.018 (about 1 km) resolution. Sets of geographical coverages were reduced to an optimal 25 ecological dimensions via a process of jack-knifing inclusion of dimensions in analyses and inspection of omission statistics 28 .
Ecological niche modelling
We used the Genetic Algorithm for Rule-set Prediction (GARP) 4, 5 , an evolutionary computing system that has excellent capacities for delineating ecological niches and predicting geographical distributions of species 6, 29 . GARP niche models outline potential ecological distributions, and as such roughly map onto Hutchinson's fundamental niche concept (as opposed to the realized niche space, which takes into account the limiting effects of interactions with other species) 29 . GARP models were developed using a PC desktop implementation of the program (http://www.lifemapper.org/desktopgarp/).
GARP produces sets of rules delineating ecological niches by relating known occurrence points to a suite of GIS data layers describing the ecological landscape. Input points are separated into training and testing samples to permit model refinement based on independent samples of points. Simple inferential tools produce initial rules (roughly in the form of linear combinations of coverages), which serve as seeds for search and improvement in the genetic algorithm. Rules 'evolve' through an iterative process of random rule selection, evaluation, perturbation, testing, and incorporation or rejection, and the evolutionary process stops at convergence 4, 5 . For each taxon, we produced 100 replicate models and a best subset of 10 models was selected based on optimal combinations of error components 29 : models that predicted ,90% of testing points were discarded, and (of the remaining models) the ten closest to the median predicted area were summed to provide a best distributional prediction.
Predictive abilities of models were evaluated using pre-1978, post-1988 and combined occurrence data, testing models with independent suites of points not included in model building (Table 1) . Because sample sizes for each species were generally small, we used binomial tests to evaluate statistical significance of predictions 30 . Observed successes and failures were compared with random expectations based on the proportional area predicted present by the intersection of all ten or any of the ten best-subset models. For validation of models using the independent inventory data described above, a crossspecies test using a x 2 2 £ 2 contingency table (1 degree of freedom) was applied.
